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Abstract
Antiproton–proton annihilation into light neutral mesons in the few GeV energy domain is inves-
tigated in view of a global description of the existing data and predictions for future experiments at
PANDA, FAIR. An effective meson model earlier developed, with mesonic and baryonic degrees of
freedom in s, t, and u channels, is applied here to pi0pi0 production. Form factors with logarithmic
s and t(u) dependencies are applied. A fair agreement with the existing angular distributions is
obtained. Applying SU(3) symmetry, it is straightforward to recover the angular distributions for
pi0η, and ηη production in the same energy range. A good agreement is generally obtained with
all existing data.
PACS numbers: 13.75.Cs, 14.20.-c, 14.40.Be, 14.40.Df
∗ Chinese CSC Scholar
† E-mail: bystr@theor.jinr.ru
‡ E-mail: ahmadov@theor.jinr.ru
¶ Corrresponding author: egle.tomasi@cea.fr
§Institute of Physics, Azerbaijan National Academy of Sciences, Baku, Azerbaijan
1
I. INTRODUCTION
In a previous paper [1] we proposed an effective Lagrangian model with meson and baryon
exchanges in s, t, and u channels (s, t and u are standard kinematical Mandelstam variables)
to describe the exclusive annihilation reaction of antiproton-proton annihilation into charged
pion and kaon pairs in the energy domain (2.25(1.5) ≤ √s(pL) ≤ 5.47(15) GeV (GeV/c))
where
√
s(pL) is the total energy(the beam momentum) in the Laboratory (Lab) frame. This
is the domain relevant to the antiProton ANnihilation at DArmstadt (PANDA) experiment
at the GSI Facility for Antiprotons and Ion Research (FAIR) [2]. Data in this energy range
are scarce, poorly constraining the models. To validate our approach we considered also
pion-proton elastic scattering data through crossing symmetry.
A large amount of data on light meson production is expected in near future. In the
PANDA energy range, exclusive charged and neutral pion pair productions in p¯p collisions
bring information on the non perturbative structure of the proton and on the hadronization
mechanisms. In the low energy region, particularly studied at the Low Energy Antiproton
Ring (LEAR) at CERN, the angular distributions show a series of oscillations, typically
reproduced by Legendre polynomials, describing contributions of higher excitations L-waves.
Potential models [3] successfully describe the cross sections and polarization observables
but their extension to higher energies becomes too involved. Increasing the energy, the
angular distributions loose progressively the oscillating behavior. Above
√
s=2 GeV two
body processes become mostly peripheral and the angular distributions are peaked forward
or backward, corresponding to small values of t or u, respectively. The cross section for pions
emitted at cos θ = 0 (θ is the emission angle in the center of mass system (CMS)) shows a
scaling behavior as a power of s, near to s−8 , as predicted by QCD quark counting rules,
whereas for forward and backward scattering, the s dependence is near to exponential. A
brief review of relevant data and models can be found in our previous work Ref. [1].
We extend here the model developed in Ref. [1] to p¯p annihilation into neutral meson
pairs. As in Ref. [1], t and u exchanges of nucleon and ∆ are considered. First order
Born diagrams are calculated and form factors are added. Instead than monopole, dipole
or exponential form factors, i.e., the functional forms that can be found in the literature,
we propose s and t dependent logarithmic form factors, after being convinced that the
Regge regime is not yet applicable in the considered energy region. Compared to charge
pion production, the necessary modifications are the symmetrization of the final state for
identical mesons and the nature of the exchanged meson in s−channel. Since ρ-exchange is
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forbidden by G-parity, the lighter mesons that can be exchanged are the scalar f0 and f2
mesons, with mass and width as: [4]:
f0(500)I
G(JPC) = 0+(0++) mf0 = (400− 550) MeV, Γf0 = (400− 700) MeV
f0(980)I
G(JPC) = 0+(0++) mf0 = (990± 20) MeV, Γf0 = (40− 100) MeV
f2(1270)I
G(JPC) = 0+(2++) mf2 = (1275, 5± 0.8) MeV, Γf2 = (186.7± 2.5) MeV (1)
Pion emission around cos θ = 0 is driven by s-channel exchange. We limit our considerations
to s-channel f0 and f2-meson exchange. In case of f0 we take ’an effective f0’ with mass
M = 600 MeV and width Γ = 700 MeV. In principle, other higher mass resonances that
decay into π0π0 may be considered. However they are suppressed outside the resonance
peak due to the Breit-Wigner representation of the corresponding amplitudes. An additional
suppression of radial excitations of these mesons is expected because their spatial density is
less compact, making less probable the formation of a pion pair. Exclusive pion pairs are
formed with the largest probability when the two qq¯ pairs emerge from the vacuum in a
physical space-time region with small dimension.
We compare our calculation to the data on neutral pion (and other neutral meson) pro-
duction, published by the FermiLab E760 collaboration in the energy range (2.911 ≤ √s ≤
4.274) GeV [5]. The primary aim of that work was to study heavy meson resonances that
couple to N¯N , as charmonium. Moreover the study of the s-dependence in terms of power
laws showed that an approximate scaling is reached, but with lower exponent than predicted.
The measured angular distributions are limited to a central angular range, | cos θ| ≤0.66. At
the lowest energies, the π0π0 angular distribution shows a bump at | cos θ| = 0, that gradu-
ally disappears from 2.9 to 3 GeV, and can be reproduced including higher L-multipolarities,
only. At our knowledge, at present, no calculation attempting to reproduce the whole set of
data from Ref. [5] exists in the literature.
Our aim is to build a reliable and coherent model that reproduces the basic features
of neutral meson production in the energy range that will be investigated by the future
experiment PANDA at FAIR. With the help of SU(3) symmetry, we apply our model to
other neutral channels ηη and π0η, where data are present. The model should have minimal
ingredients, and analytical expressions, convenient to be included in the PANDARoot Monte
Carlo simulation program.
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II. FORMALISM
A. Kinematics and cross section
We consider the annihilation reaction:
p¯(p1) + p(p2)→ π0(k1) + π0(k2), (2)
in CMS. The notation of four momenta is shown in the parenthesis. The following notations
are used: qt = −p1 + k1, q2t = t, qu = −p1 + k2, q2u = u, and qs = p1 + p2, q2s = s,
s + t + u = 2M2N + 2m
2
pi, MN(mpi) is the nucleon(pion) mass (for reactions (20,21) the
corresponding mass should be substituted). The useful scalar product between four vectors
are explicitly written as:
2p1k2 = 2k1p2 = M
2
N +m
2
pi − u, 2p1k1 = 2k2p2 = M2N +m2pi − t,
2p1p2 = s− 2M2N , 2k1k2 = s− 2m2pi,
p21 = p
2
2 = M
2
N = E
2 − |~p|2, k21 = k22 = m2pi = ε2 − |~k|2. (3)
In particular ,the final particles mass-shell conditions fixes the energies E1,2, the velocity β1,2
and the modulus of the momentum ~k of the final particles (where ”1” refers to the detected
particle, and ”2” to the partner):
E1,2 =
s+M21,2 −M22,1
2
√
s
, β1,2 =
λ1/2(s,M21,2,M
2
2,1)
s+M21,2 −M22,1
, |~k| = 1
2
√
s
λ1/2(s,M21 ,M
2
2 ). (4)
where λ(x, y, z) is the so called triangle function:
λ(x, y, z) = x2 + y2 + z2 − 2 xy − 2 xz − 2 yz. (5)
The general expression for the differential cross section in the CMS of reaction (2) is:
dσ
dΩ
=
1
28π2
1
s
βpi
βp
|M|2, dσ
d cos θ
= 2E2βpβpi
dσ
dt
, (6)
where M is the amplitude of the process, βp(βpi) is the velocity and E(ε) is the energy of
the proton(pion) in CMS. The phase volume can be transformed as dΩ→ 2π dcos θ due to
the azimuthal symmetry of binary reactions. The total cross section then reads as:
σ =
∫ |M|2
64π2s
|~p|
|~k|dΩ, (7)
where |~p| is the initial momentum and |~k| the momentum of the final detected particle in
CMS. In case of identical particles one should integrate only on half of the phase volume.
|M|2 is the squared matrix element of the process averaged over the spins of the initial
particles.
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B. The reaction mechanism
The formulas written above are model independent, i.e., they hold for any reaction mech-
anism. In order to calculateM, one needs to specify a model for the reaction. In this work
we consider the process (2) within the formalism of effective meson Lagrangian.
The following contributions to the cross section for reaction (2) are calculated as illus-
trated in Fig. (1):
• baryon exchange:
– t-channel nucleon (neutron) and ∆+ exchange, Fig. 1.a,
– corresponding u-channel, crossed leg diagrams, Fig. 1.b,
• s-channel f0, f2 exchange, Fig. 1c.
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FIG. 1: Feynman diagrams for different exchanged particles for the reaction p¯+ p→ pi0 + pi0.
After the calculation of the coupling constant and matrix elements, the total matrix
element squared averaged over the spin states of the initial particles, is obtained as the
sum of the squared of matrix element for the individual contributions and the interferences
among them. Identical particles in the final channel (π0π0 or ηη ) require to symmetrize the
amplitudes. The matrix element squared, obtained from the coherent sum of the amplitudes,
is:
|M|2 = 1√
2
|Mp(t) +M∆+(t) +Mf(s) +Mp(u) +M∆+(u)|2. (8)
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Explicitly:
|M(p¯p→ π0π0)|2 = |Mf0(s)|2 + |Mf2(s)|2 +
1
2
{
|Mp(t)|2 + |M∆(t)|2 +
|Mp(u)|2 + |M∆(u)|2 + 2Re[Mp(t)∗Mp(u) +Mp(t)∗M∆(t) +
Mp(t)∗M∆(u) +Mp(u)∗M∆(t) +Mp(u)∗M∆(u)]
}
+
√
2Re[M∗f0(s)Mf2(s) +Mp(t)M∗f0(s) +Mp(u)M∗f0(s) +
M∆(t)M∗f0(s) +M∆(u)M∗f0(s) +M∗p(t)Mf2(s) +
M∗p(u)Mf2(s) +M∗∆(t)Mf2(s) +M∗∆(u)Mf2(s)]. (9)
Taking into account the phase space and the flux, the expression for the total cross section
is:
dσ
dΩ
(p¯p→ π0π0) = 1
28π2
1
s
βpi
βp
|M(p¯p→ π0π0)|2, (10)
or
dσ
d cos θ
(p¯p→ π0π0) = 1
27π
1
s
βpi
βp
|M(p¯p→ π0π0)|2. (11)
For the explicit expressions of the t− and u channel N and ∆ amplitudes, in Eq. (9) we
refer to the Appendix of Ref. [1]. Coupling constants are fixed from the known decays of the
particles when possible, otherwise values from effective potentials as [6] are used. Masses
and widths are taken from PDG [4].
Let us consider the f0(500) also called σ meson, the lowest isoscalar scalar particle, with
spin zero and positive parity, and the next higher L contributions, the f2(1270) with spin 2
and positive parity. Both decay dominantly into two neutral pions (see Fig. 2).
q
2
 f
0
f
)1(k0pi
)2(k0pi
µγ
0,2
fpipiig
vv
FIG. 2: Diagram for f0 and f2 decays into a pion pair.
• The f0,2 propagators are taken as a Breit-Wigner function :
1
q2s −m2f0,2 + i
√
q2sΓf0,2(q
2
s)
, (12)
and the transferred momentum is qs = p1 + p2 = k1 + k2, q
2
s = s.
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• the f0ππ vertex is −igf0pipi, being gf0pipi the constant for the decay f0 → π0π0 (see
Appendix A). The final expression for the width is:
Γf0 =
1
16mf0π
g2f0pipi
√
1− 4m
2
pi
m2f0
, (13)
where Taking the value: Γf0 = 700 ± 150 MeV (in the range suggested by PDG [4]),
one finds gf0pipi = 4.08± 1.3 GeV.
• the f0NN vertex is −igf0NN where gf0NN = 5 GeV is the coupling constant from Ref.
[6].
• The expression for the width of the decay f2 → ππ is (see Appendix B3):
Γf2 =
g2f2pipi
16mf2π
|M(f2 → ππ)|2
√
1− 4m
2
pi
m2f2
. (14)
Taking the value: Γf2 = (0.1867± 0.0025) GeV, one finds gf2pipi = (19± 0.26) GeV−1.
• The vertex f2 → pp then is written as :
(−i)gf2ppγµ(p1 − p2)νχµν . (15)
where gf2pp is considered as a fitting parameter and χ
µν is defined in Appendix B.
III. RESULTS
The following procedure was applied, in order to reproduce the collected data basis. The
data on neutral pion angular distributions from Ref. [5] were first reproduced at best, with
particular attention to the s dependence of the cross section. The necessary number of
parameters is very limited and we checked that the results are quite stable towards a change
of the parameters in a reasonable interval.
The composite nature of the hadrons should be taken into account in the calculation
of the observables. In order to find the best description of the data in a wide energy and
angular ranges, different choices for form factors can be found in the literature: monopole,
dipole, exponential etc. In Ref. [1] a function of logarithmic type turned out to reproduce
at best the measured angular and energy dependencies. The background of this choice is a
QCD derivation from Refs.[7, 8] that relates the asymptotic behavior of form factors to the
quark contents of the participating hadrons. It is also known that a logarithmic dependence
of the p¯p cross section reproduces quite well the background for resonant processes [9, 10].
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Parameter Value
NN 0.361 ± 0.006
N∆ 0.041 ± 0.003
Λ2N (2.25 ± 0.09) GeV2
Λ2∆ (1.05 ± 0.04 ) GeV2
TABLE I: Summary of the parameters for the logarithmic form factors Eq. (17).
The logarithmic functional form is:
FLN,∆(x) =
NN,∆ ·M40[
(x− Λ2N,∆) log
(x− Λ2N,∆)
Λ2QCD
]2 , x = s, t, u, M0 = 3.86 GeV, ΛQCD = 0.3 GeV,
(16)
where M0 is a scale parameter, that has been inserted to conserve units, ΛQCD is the QCD
scale parameter. NN,(∆) = 0.361±0.006(0.041±0.003) is a normalization constant. ΛN,(∆) =
2.25 ± 0.09(1.05 ± 0.04) GeV is a “slope” parameter which values were determined from a
fit on the available data on charged pion production. A summary of parameters is listed in
Table I for nucleon and ∆ exchange.
For neutral pion pair production, the first attempt was to apply the same form factors
and the same parameters as for the charged pion data for t(u) N and ∆ exchanges from [1],
the s channel being calculated apart as physics requires the exchange of different mesons.
Similarly to charged meson production, first we apply the form factor FLN,∆ (Eq. 16) which
depends on momentum transfer (t or u) to take into account the composite nature of the
particle in the interaction point. Second, we use the factor FLN,∆(s) which effectively takes
into account pre-Regge regime excitations of higher resonances in the intermediate state.
This leads to an effective form factor as the product:
F˜N,∆(s, t) = F
L
N,∆(s)F
L
N,∆(t) (orF˜N,∆(s, u) = F
L
N,∆(s)F
L
N,∆(u)), (17)
containing the same set of parameters for the s and t(u) dependencies, but different for N
and ∆ exchanges. The fit does not require independent parameters for s and t(u) dependen-
cies. The behavior of the total cross section for charged and neutral pion pair production
is, however, very different. A possibility for recovering the π0π0 data is to modify the
s−dependent part of the logarithmic form factors by adding an additional energy depen-
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Parameters Value [GeV]
pNp (s) -3.013 ± 0.210
pN∆ (s) -5.959 ± 0.205
pΛp (s) 4.047 ± 0.019
pΛ∆(s) 3.141 ± 0.002
TABLE II: Parameters for the s−dependent term of the logarithmic form factors for p¯p→ pi0pi0 .
dence to the parameters:
N (s)p,∆ → N (s)p,∆ − e
pN
p,∆(s)√
s ,
Λ(s)2p,∆ → Λ(s)2p,∆ − e
pΛ
p,∆(s)√
s . (18)
In Fig. 3 one can see the effect of the introduced s-dependence. The parameters converge at
high energies, whereas for
√
s ≤ 3.5 GeV they deviate essentially, giving further reduction
of the cross section. The s-independent parameters are fixed as in Table II.
 s [GeV] √ 
2.5 3 3.5 4 4.5 5
Lo
g 
FF
 
0
0.1
0.2
0.3
0.4
 (e) L NF
L NF
FIG. 3: Energy dependence of the logarithmic form factors without (red, dashed line) and with
(black, solid line) exponential correction.
The form factor for the f0NN vertex is taken of monopole form:
Ff0(s) =
F 2f0
F 2f0 + (m
2
f0
− s) , (19)
with Ff0 = 1.17 ± 0.051 GeV. In addition, similarly to the charged pion calculation, the
phase Φf = e
ipiφf is added for the exchanged meson in s-channel with φf equal to unity.
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IV. COMPARISON WITH EXISTING DATA
The fitted plots and data from Ref. [5] are shown in the Fig. 4, in the energy range
2.911 GeV ≤ √s ≤ 3.686 GeV. The data were measured in regular intervals, with a gap
between 3.097 GeV and 3.526 GeV which separate the data into the ‘lower energy region’
(2.911 GeV ≤ √s ≤ 3.097 GeV) and ‘higher energy region’ (3.526 GeV ≤ √s ≤ 3.686
GeV). In the lower energy region, a bump produced by higher L resonances appears around
cos θ = 0. It can not be reproduced by the f0 and f2 mesons considered in s−channel, and it
disappears at higher energies. We did not attempt to add higher resonances. More precise
data are expected from PANDA in a larger angular range, better constraining the model.
Note that good agreement can be found neglecting the f2 contribution. The s−dependence
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FIG. 4: Angular distribution for the reaction p¯p → pi0pi0 in CMS in the energy range 2.911 GeV
≤ √s ≤ 3.686 GeV. The data (open circles) are from Ref. [5]. The calculation is the solid, red
line.
for the cross section of neutral pion production from 5 GeV2 to 20 GeV2 is shown in Fig. 5,
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where the experimental point is obtained integrating the data from Ref. [5] in the available
angular range. The calculation is integrated in the same angular range 0 < cos θ < 0.66
or 0.48. The calculation reproduces well the integrated data. Note that the available data
cover a reduced angular distribution, whereas the very forward and backward regions give
the largest contribution to the total cross section. In order to appreciate the the sensitivity
] 2s [GeV
10 15 20
 
[nb
]
σ
1
10
210
310
410
FIG. 5: Integrated cross section for the reaction p¯p → pi0pi0. The data are obtained by the
integration of the partial differential cross section in the available range: 0 < cos θ < 0.48 up to
√
s = 3.2 GeV, and 0 < cos θ < 0.66 above
√
s = 3.6 GeV, Ref. [5]. The present calculation
covering the range 0 < cos θ < 0.48 ( blue dash-dotted line) and 0 < cos θ < 0.66 (red dashed line)
is also shown. The integration in the whole angular range is shown as a black, solid line.
of the calculation to a selected choice of parameters, in Fig. 6 the cross section, integrated
for 0 < cos θ < 0.66, is reported (black solid line) together with the result of the calculation
when decreasing by 10% the parameters of f0 (red dashed line) and of the logarithmic form
factor (blue dash-dotted line).
1. The higher energy set
The case of the set of data at
√
s =4.274 GeV is peculiar. The data correspond to the
higher energy available, and show a discontinuity with respect to the other sets. In particular
the bump for cos θ=0 evolves definitely into a dip. To reproduce this dip, the L = 2 f2 meson
is added. The form factor of f2NN is taken as a monopole, Eq. (19), similarly to f0 and the
relative phase is also taken as unity. Concerning the higher energy, the contribution from f0
meson results suppressed by the fitting procedure. The new parameters for the s−channel
11
]2s [GeV
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σ
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Model (90% f0 par)
Model (90% Log pars)
FIG. 6: Parameter dependence of the cross section for the reaction p¯p → pi0pi0, integrated for
| cos θ| ≤ 0.66. The calculation with the nominal parameter is shown (black solid line), together
with the calculation corresponding to 10% decrease of the f0 parameters (red dashed line) and to
10% decrease of the logarithmic form factor parameters (blue dash-dotted line).
parameters Value
Ff0 0.870 ± 0.014 GeV
Ff2 0.187 ± 0.001 GeV
χ2/ndf 0.787
TABLE III: Parameters of form factors for f0 and f2 mesons at
√
s = 4.274 GeV.
are listed in the Table III, the other parameters are fixed as in Tables I, and II.
The different components are visible in Fig. 7. One can see that the shape of the angular
distribution is very well reproduced by the f2 contribution. The ∆ contribution overcomes
the N term. The angular distribution is limited and one can not draw firm conclusions
on the t and u channel interplay of the different contributions. A very good agreement is
obtained by fitting this set of the data with the present model.
Applying SU(3) symmetry, one can connect other neutral channels. As we see in next
section, it works relatively well.
12
 θ cos
0 0.2 0.4 0.6 0.8 1
 
[nb
]
θ
/d
co
s
σd
1−10
1
10
210
Total
nt
nu
t+∆
u
+∆
F0
F2
t
+∆ tn
u
+∆ un
u
+∆ tn
t
+∆ un
u ntn
u
+∆ t
+∆
 F0tn
 F0un
 F0u
+∆
 F0t
+∆
F0 F2
 F2tn
 F2un
 F2u
+∆
 F2t
+∆
FIG. 7: Angular distribution for reaction p¯p→ pi0pi0 at √s = 4.274 GeV [5] with different compo-
nents. The parameters are listed in Table III.
A. The reactions p¯+ p→ pi0 + η and p¯+ p→ η + η
The two body channels :
p¯(p1) + p(p2) → η(k1) + η(k2), (20)
p¯(p1) + p(p2) → η(k1) + π0(k2). (21)
involve mesons that are related by SU(3) symmetry, as π, η and η′ are members of a single
nonet. Having a model that reproduces consistently angular distributions and cross sections
for π0+ π0, based on s, t, and u channels, the amplitudes for the decay to the channels (2),
(20), and (21) are related by the SU(3) symmetry. Taking into account that, in principle,
p¯p does not couple directly to ss¯, the following relations hold:
f(π0η) = f(π0 + π0) cosΘ, f(ηη) = f(π0 + π0) cos2Θ, (22)
where Θ ≃ 45◦ is the pseudoscalar mixing angle [11].
The procedure follows the one derived above for π0π0. The masses have to be changed
correspondingly in the calculation of the kinematics and of the amplitudes. Moreover, in case
of reaction (21) the fact that the final state is not symmetric induces a backward-forward
asymmetry. Applying SU(3) symmetry and taking into account the kinematics difference
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due to the masses, the model is applied in the energy range 2.911 GeV≤ √s ≤ 3.617 GeV.
The results are shown in Fig. 8 and Fig. 9, for the reactions (20) and (21) respectively. The
agreement is very good, without readjusting the parameters. The model is able to reproduce
the data in the backward and forward regions. Similarly to π0π0 it is expected that the bump
around cos θ = 0 is not described, as it needs to include additional contributions.
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FIG. 8: Angular distribution for p¯p→ ηη (black circle) [5] in the energy range 2.911 GeV≤ √s ≤
3.617 GeV and the model calculation (red solid curve) based on the symmetry of the quark model.
For the higher energy
√
s = 4.274 GeV, the data sets for ηη and ηπ0 production have
large error bars and a few points are measured. Precise data are expected from the PANDA
experiment to fill this region.
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FIG. 9: Same as Fig. 8, for the reaction p¯p→ ηpi0.
V. CONCLUSIONS
A model, built on effective meson Lagrangian, has been applied to two neutral pion
production in proton-antiproton annihilation in the energy range (2.2 ≤ √s ≤ 4.4) GeV.
We took a logarithmic form for s and t(u)-dependent form factors. Coupling constants
are fixed from the known properties of the known decay width. The agreement with the
existing data from Ref. [5] is satisfactory for the angular dependence as well as the energy
dependence of the cross section, especially at high energy. In particular the model is able
to describe very nicely the available data for π0π0 production at
√
s = 4.274 GeV.
Around cos θ = 0, the model follows naturally the expected behavior from quark counting
rules, concerning the s-dependence. However, the bump in the central region, present at
low energies, is missed by the model. Possible improvement is foreseen by adding other
components, that however, should vanish as the energy increases. A ’fine tuning’ is desirable,
and will be more meaningful when more data will be available at PANDA, in a larger and
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more complete angular and energy range. The implementation to Monte Carlo simulations
for predictions and optimization to the forecoming PANDA experiment is foreseen for this
aim, too.
Using SU(3) symmetry, without any change of parameters, the angular distributions for
p¯+ p→ η + η, and for the asymmetric reaction p¯+ p→ π0 + η are recovered.
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VII. APPENDIX
The relevant formulas for the amplitudes and their interferences are given below.
A. s-exchange of neutral scalar mesons: the f0 contribution
The matrix element is written as:
iMf0 = −
gf0NNgf0pipi
q2s −m2f0 + i
√
q2sΓf0(q
2
s)
v¯(p1)u(p2). (23)
Squaring the amplitude one finds:
|M|2 = g
2
f0NN
g2f0pipi
|q2s −m2f0 + i
√
q2sΓf0(q
2
s)|2
2(s− 4M2). (24)
1. The f0pipi coupling constant
The decay width of the f0 meson in the system where it is at rest is given by :
dΓ(f0 → ππ) = 1
2mf0
|M(f0 → ππ)|2dΦ2, (25)
with the phase space:
dΦ2 =
Λ1/2(mf0 , mpi, mpi)
25π2m2f0
dΩ, Λ1/2(mf0 , mpi, mpi) = M
2
√
1− 4m
2
pi
M2p
. (26)
Therefore:
Φ2 =
Λ1/2(mf0 , mpi, mpi)
23π
√
1− 4m
2
pi
M2p
. (27)
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The matrix element for the decay f0 → ππ is (see Fig. 2):
M(f0 → ππ) = 1
(2π)4
gf0pipi. (28)
2. The f0 interferences
1. The N − f0 interference
2Re[M∗NMf0] = 2Re
gf0NNgf0pipig
2
piNN
[s−m2f0 − i
√
sΓf0(s)](t−M2p )
Tr [(pˆ1 −Mp)(−qˆt +Mp)(pˆ2 +Mp)] .
(29)
2. The ∆− f0 interference
2Re[M∗∆Mf0] = 2Re
gf0NNgf0pipig
2
∆NN
[s−m2f0 − i
√
sΓf0(s)](t−M2∆)
Tr
[
(pˆ1 −Mp)(−qˆt +M∆)P˜αβ(pˆ2 +Mp)
]
kα1 k
β
2 . (30)
B. s-exchange of neutral scalar mesons: the f2 contribution
Let us consider f2(1270) with spin 2 and positive parity, that decays ∼ 100% into two
neutral pions.
1. The f2- propagator
The f2- propagator is
χµνχαβ
q2s −m2f2 + i
√
q2sΓf2(q
2
s )
, (31)
where the width of the f2 is taken into account by the Breit-Wigner function and the
transferred momentum is qs = p1 + p2 = k1 + k2, q
2
s = s.
2. The vertex f2 → pp
The Lagrangian for the decay f2 → pp is written as:
Lf2p¯p = gf2ppp¯(γµi∂ν + γνi∂µ +
2
3
ηµνi∂ˆ)pT
µν . (32)
The last term in Eq. (32) vanishes as it is the product of an antisymmetric and a symmetric
tensor.
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1. The vertex f2 → pp then is written as (see Fig. 1c)
(−i)gf2ppγµ(p1 − p2)νχµν , (33)
where the symmetric tensor χµν has the following properties:
χµν = χνµ, χµνg
µν = 0, χµνq
ν = 0; χµνχαβ =
1
2
(ηανηνβ + ηµβηνα)− 1
3
ηµνηαβ , (34)
with ηµν = −gµν + qµqν
q2
, and q is the f2 meson four momentum.
3. The vertex f2pipi
The amplitude for the f2 → ππ decay is:
M(f2 → ππ) = − −1
(2π)4
(−i)gf2pipiχµνΘpiµν , (35)
where gf2pipi is the constant for the decay f2 → ππ and
Θpiµν =
1
2
ηµν(∂απ)
2 − (∂µπ)(∂νπ), (36)
which results in:
M(f2 → ππ) = (−i)1
2
gf2pipiχ
µν
[
2
1
2
ηµν(k1k2)− k1µk2ν − k1νk2µ
]
=
i
2
gf2pipiχ
µν [k1µk2ν + k1νk2µ − (k1k2)ηµν ] . (37)
The matrix element for f2 s−channel exchange in p¯p→ π0π0 is :
Mf2 =
gf2ppgf2pipi
2
[v¯(p1)γµ(p2 − p1)νu(p2)]×
F µναβ
s−m2f2 + i
√
sΓf2
[k1αk2β + k1βk2α − (k1k2)ηαβ],
M∗f2 =
gf2ppgf2pipi
2
[u¯(p2)γρ(p2 − p1)σv(p1))]×
F ρσγδ
s−m2f2 − i
√
sΓf2
[k1γk2δ + k1δk2γ − (k1k2)ηγδ],
where F µναβ = χµνχαβ . The matrix element squared is:
|Mf2|2 =
g2f2ppg
2
f2pipi
4
F µναβF ρσγδ
|s−m2f2 + i
√
sΓf2|2
×
Tr[(pˆ1 −M)γµ(p2 − p1)ν(pˆ2 +M)γρ(p2 − p1)σ]×
[k1αk2β + k1βk2α − (k1k2)ηαβ ][k1γk2δ + k1δk2γ − (k1k2)ηγδ]. (38)
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The decay width of the f2 meson in the system where it is at rest is given by :
dΓ(f2 → ππ) =
g2f2pipi
2mf2
|M(f2 → ππ)|2dΦ2, (39)
with the phase space:
dΦ2 =
Λ1/2(mf2 , mpi, mpi)
25π2m2f2
dΩ, Λ1/2(mf2 , mpi, mpi) = m
2
f2
√
1− 4m
2
pi
m2f2
. (40)
Therefore:
Φ2 =
Λ1/2(mf2 , mpi, mpi)
23π
√
1− 4m
2
pi
m2f2
. (41)
The matrix element for the decay f2 → ππ is ( see Fig. 2c)
|M(f2 → ππ)|2 = 1
4
F µναβF ρσγδ
|s−m2f2 + i
√
sΓf2 |2
[k1αk2β + k1βk2α − (k1k2)ηαβ]×
[k1γk2δ + k1δk2γ − (k1k2)ηγδ]. (42)
Γf2 =
g2f2pipi
16mf2π
|M(f2 → ππ)|2
√
1− 4m
2
pi
m2f2
. (43)
Taking the value: Γ = (0.1867± 0.0025) GeV, one finds gf2pipi = (19± 0.26) GeV−1.
4. The f2 interferences
1. The f0 − f2 interference
2Re[M∗f0Mf2] = −Re
gf0NNgf0pipigf2NNgf2pipi
[s−m2f0 − i
√
sΓf0(s)][s−m2f2 + i
√
sΓf2(s)]
F µναβ (44)
[k1αk2β + k1βk2α − (k1k2)ηαβ]Tr [(pˆ1 −Mp)γµ(p2 − p1)ν(pˆ2 +Mp)] .
2. The N − f2 interference
2Re[Mf2M∗N ] = Re
gf2NNgf2pipig
2
piNN
[s−m2f2 + i
√
sΓf2(s)](t−M2p )
F µναβ [k1αk2β + k1βk2α −
(k1k2)ηαβ ]Tr [(pˆ1 −Mp)γµ(p2 − p1)ν(pˆ2 +Mp)(−qˆt +Mp)] . (45)
3. The ∆− f2 interference
2Re[M∗∆Mf2 ] = −Re
gf2NNgf2pipig
2
N∆Npi
[s−m2f2 + i
√
sΓf2(s)](t−M2∆)
F µναβ(k1αk2β + k1βk2α − (k1k2)ηαβ)
Tr [(pˆ1 −Mp)γµ(p2 − p1)ν(pˆ2 +Mp)Pρσ(q)(qˆt +M∆)] kσ1kδ2. (46)
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